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Abstract

Obijectives: Postprandial hyperglycemia is common in type 2 diabetes even in those with
acceptable glycemic control and conveys an increased risk of cardiovascular morbidity and
mortality. Although obstructive sleep apnea (OSA) has been associated with altered glucose
metabolism, data regarding its association with postprandial hyperglycemia in type 2 diabetes
are limited. Thus, the current study sought to characterize the association between OSA and
postprandial hyperglycemia in adults with type 2 diabetes.

Methods: A cross-sectional study of adults with type 2 diabetes was conducted. Home sleep
testing was used to assess OSA severity as determined by the oxygen desaturation index (ODI).
Self-monitoring of blood glucose (SMBG) was performed before and 2-hours after breakfast,
lunch and dinner for three days. The association between OSA and glucose levels before and after
each meal was examined using multivariable logistic regression.

Results: The study sample consisted of 195 adults of which 52% were men. OSA severity, as
assessed by by ODI quartiles, was associated with higher postprandial glucose values after dinner
but not after breakfast or lunch. The adjusted odds ratios (95% confidence intervals) for a higher
post-dinner glucose level for four ODI quartiles were 1.00 (Reference), 2.16 (0.96, 4.87), 2.23
(1.03, 4.83), and 2.58 (1.18, 5.94). Stratified analyses showed that this association was present in
men but not women.

Conclusions: Increasing OSA severity is associated with postprandial hyperglycemia in type 2
diabetes and may contribute to impaired glycemic control. Future studies examining the impact
of OSA treatment on glucose metabolism should consider meal-related glycemic excursions as a
potentially important outcome.
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1. INTRODUCTION

Obstructive sleep apnea is a treatable sleep disorder that is common in patients with type

2 diabetes mellitus'—3. Research over the last decade suggests that in type 2 diabetes,
increasing OSA severity is associated with worsening glycemic control as determined

by hemoglobin Alc (HbA1c)*~’. Randomized control trials, however, have not shown
improvements in HbAlc with positive airway pressure (PAP) treatment in adults with type
2 diabetes and OSA89. While several limitations could explain the discordance between
observational and interventional studies (e.g., poor adherence to PAP therapy), an important
consideration in the available randomized trials is that glycemic status was characterized
with measures such as HbAlc, fasting glucose, or fasting insulin. While these metrics have
been important in establishing the potential association between OSA and altered glucose
metabolism, they do not provide information on whether OSA influences the degree of
meal-related excursions in glucose levels in type 2 diabetes.

There is substantial evidence demonstrating that a higher HbAlc is associated with
increased risk of diabetes-associated complications1%-12 and lowering HbA1c results in

a significant risk reduction in both adverse microvascular and macrovascular outcomes.
While HbAlc is valuable in assessing long-term glycemic control, assessment of meal-
related excursions in glycemic patterns through self-monitoring blood glucose (SMBG)

is of clinical relevance. Postprandial hyperglycemia hinders optimal glycemic control in
type 2 diabetes and increases the risk for death from macrovascular disease, independent
of HbA1c levels!3-17, Thus, in adults with type 2 diabetes, characterizing the effects

of OSA on postprandial hyperglycemia, may help define the value of assessing meal-
related glucose excursions particularly for future studies investigating the impact of OSA
treatment on glucose metabolism. Given that both type 2 diabetes and OSA are pervasive
and independently associated with adverse cardiovascular outcomes, attaining a more
comprehensive understanding of intraday meal-related excursions in glucose values in OSA
and type 2 diabetes is of value. Thus, the objective of the current study were to characterize
the association between OSA and postprandial hyperglycemia and identify factors that
modify the association.

2. MATERIALS AND METHODS
2.1. Study Sample

Adults with type 2 diabetes, not requiring insulin therapy, were recruited from the general
community through letters and advertisements. Eligibility criteria included a HbAlc value
> 6.5% and presence of OSA. Exclusion criteria included any ongoing therapy for OSA
(e.g., PAP therapy, oral appliance), insulin therapy for type 2 diabetes, inability to complete
the required assessments including the home sleep apnea test, participation in an ongoing
weight loss program, change in glycemic medications in the previous six weeks, current
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oral steroid use, or any unstable medical condition, such as unstable angina or uncontrolled
hypertension. Demographic information such as age, sex, race, body mass index (BMI),
and total fat mass as determined by the DEXA scan was collected. The research protocol
was approved by an Institutional Review Board on human research (IRB Approval Number:
NA_00036672).

2.2. Home Sleep Apnea Test

The ApneaLink Plus®, a type Il portable monitoring device, was given to all participants
by trained research assistants for home sleep apnea testing!®. Nasal airflow was recorded
with a nasal cannula connected to a pressure transducer. Pulse oximetry was used to assess
oxyhemoglobin saturation, and respiratory effort was measured with a pneumatic sensor
attached to an effort belt. At least four hours of interpretable recording time was required
for inclusion in the study. For the current analyses, the oxygen desaturation index (ODI)
was chosen as a metric of OSA severity given the higher fidelity of the pulse oximetry
signal compared to other respiratory signals such as the nasal cannula or the effort belt.
Initially, the overnight recordings were subjected to automated scoring of the desaturation
events using the 4% threshold. Thereafter, each recording was manually reviewed by a board
certified sleep physician. The ODI was calculated as the number of oxygen desaturations of
4% or more over the total recording time in hours.

2.3. Self-Monitoring of Blood Glucose

SMBG was performed with finger sticks before and after breakfast, lunch, and dinner for
three consecutive days in a majority of participants. A commercially available glucometer
(Abbott FreeStyle®) was provided along with the glucose measuring strips. Glucose values
were assessed before and approximately two hours after breakfast, lunch, and dinner, and
at bedtime. Study participants were instructed not to consume snacks between meals. The
associated Abbott FreeStyle® software was used to record the values from the 7-point
SMBG and participants were asked to also record the values in a diary.

2.4, Statistical Analyses

The primary independent variable was the pre- and post-meal glucose value averaged

over the three days and then categorized using quartiles to be modeled with ordinal

logistic regression. Using quartiles to generate categories eases interpretation given that
glucose values are typically interpreted based on specific thresholds. Thus, the regression
coefficients from the ordinal logistic model represent the odds of being in a higher category
of glucose values for a unit increase in the independent variable (e.g., ODI). To further

ease exposition and enhance interpretability, ODI was also categorized using quartiles to
quantify OSA severity. The ODI was categorized by the following quartile cut-points:
<10.5 events/hr (reference), 10.5-14.8 events/hr, 14.9-23.3 events/hr, and = 23.3 events/hr.
Covariates such as age, sex, race, BMI, total body fat, and HbAlc were included in the
multivariable models to adjust for potential confounding. Sensitivity analyses were also
conducted using conventional cut-points for the ODI including < 5.0, 5.0-14.9, 15.0-29.9,
and = 30.0 events/hr. Results from these models were similar to that based on ODI quartiles
and thus to avoid potentially biased results, ODI quartiles were used to asses a dose-response
association. Models were stratified by sex given that the known sex-based differences in
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severity of OSA and type 2 diabetes. In these latter models, quartiles of OSA severity

were determined separately for men and women. Sensitivity analyses with models with and
without the number and type of hypoglycemic measures showed no material change in the

regression coefficients and thus the most parsimonious models without the medications are
shown. All analyses were done using STATA 15.0 (College Station, Texas).

3. RESULTS

The sample size was 195 adults with type 2 diabetes. Table 1 shows baseline data on
demographics, anthropometrics, HbAlc, and OSA severity stratified by sex. Given that the
target sample was adults with type 2 diabetes, it consisted of older and obese participants
with over half of them being men. The mean HbA1c was 7.5% (SD: 0.92%), suggesting
that glycemic control, on average, was fairly acceptable. HbAlc did not differ significantly
between men and women. The average BMI and total fat were, however, higher in women
compared to men. Additionally, while the mean ODI was statistically different between men
and women (21.5 versus 17.6 events/hour; p < 0.01), the proportion of men and women in
each quartile of ODI was not statistically not different.

The distribution of pre- and post-meal glucose levels across breakfast, lunch, and dinner

are shown in Figure 1. Across the four ODI categories, pre or post-glucose values were
comparable for three meals. However, the difference (A), defined as the post-pre meal
glucose values, did vary as a function of ODI for dinner but not for breakfast or lunch (Table
2). The median difference (4) in glucose values with dinner was 26.0, 32.3, 44.3, and 44.6
mg/dl for the four ODI quartiles (p=0.038 for linear trend), respectively. Thus, compared

to the first quartile (ODI < 10.5 events/hr), the median post-pre differences (A) with dinner
were 5.4, 19.0, and 16.7 mg/dl higher in the 279, 31 and 4t ODI quartiles after adjusting for
age, sex, race, and BMI indicating a greater postprandial glucose excursion with dinner with
higher ODI levels.

Glucose values for each meal were subsequently categorized into quartiles for ease of
interpretation and modeled with multivariable ordinal logistic regression. As before, the
distribution of pre-meal glucose values for the three meals were comparable across ODI
quartiles (Figure 1). Thus, all subsequent analyses focused on associations between OSA
severity and post-meal glucose values. Table 3 shows the fully-adjusted odds ratios of

being in higher category of glucose value for each of the three meals. No systematic

trend was observed in post-meal values for breakfast or lunch as a function of ODI

quartile. However, a higher ODI value was associated with higher post-dinner glucose value
even with adjustments for pre-dinner glucose value. To account for potential confounders,
other covariates including age, race, sex, BMI, percent of total body fat, and degree of
glycemic control (HbA1c) were included in the multivariable model and resulted in minimal
attenuation of the odds ratios relating ODI category to post-prandial hyperglycemia. Further
adjustments for the number and types of diabetes medications showed no attenuation in the
odds ratios and thus the most parsimonious model without medications is presented in Table
3. Sensitivity analyses including sex-based stratified analyses showed that the association
between increasing OSA severity and higher postprandial glucose values with the dinner
meal was notable in men but not women. For these analyses, quartiles of ODI were
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determined based on sex given the observed difference in ODI between men and women
(Table 4). Finally, to examine whether degree of hypoxemia during sleep, as assessed by
the absolute and percent time spent with an oxygen saturation less than 90% was also
included in all multivariable models. These analyses showed that the frequency of oxygen
desaturation (ODI) but not the percent or time below an oxygen saturation below 90% was
independently associated post-dinner hyperglycemia.

4. CONCLUSIONS

The results of the current study demonstrate several findings that offer insight into

the association between OSA and glucose metabolism in type 2 diabetes. First, despite
adjustment for multiple covariates, increasing OSA severity was associated with higher
differences in the post-pre glucose values with dinner but not with breakfast or lunch.
Second, while the post-pre differences with dinner were higher, the increase was driven
by a higher post-dinner glucose level. Third, the noted association between dinner-related
hyperglycemia and OSA was present only in men. Finally, the frequency of oxygen
desaturation on the home sleep apnea test rather than absolute or percent time below an
oxygen saturation of 90% was associated with higher post-dinner glucose values.

The current study adds to the relatively limited body of literature suggesting that meal-
related changes in glucose values are relevant in characterizing the association between
OSA and glucose metabolism. Even in the absence of overt type 2 diabetes, OSA been
noted to be associated with measures of glycemic variability1920, including postprandial
glucose values?C. In those with type 2 diabetes, the data are scant and conflicting. Similar to
the results of the current study, Khaire et al. found OSA to be associated with glycemic
variability, as assessed by the mean amplitude of glycemic excursions, in adults with
non-insulin requiring type 2 diabetes?!. This finding, however, has not been consistent
across other studies, as patients with type 2 diabetes and comorbid heart failure did not
demonstrate an association between OSA severity and glycemic variability. In one of the
earliest studies examining the effects of PAP therapy on glycemic control in obese patients
with type 2 diabetes, postprandial glucose values on continuous glucose monitoring pre-
and post-CPAP use in small sample of 24 subjects varied with PAP therapy?2. Adherence
with PAP (i.e., average use of > 4 hours per night over a period of three months), was
associated with a reduction in postprandial glucose values after breakfast, lunch, and dinner.
In particular, PAP treatment reduced the total number of glucose values above 200 mg/dl.

In the current investigation with both overweight and obese adults, breakfast demonstrated
the largest difference in pre- and post-breakfast glucose values in unadjusted analyses.
However, in the adjusted model postprandial dinner values demonstrated the most robust
association with increasing OSA severity. In the United States, dinner is typically the largest
meal of the day23:24 and thus imposes the greatest glycemic load. Parallel to the notion

that an exercise challenge during a cardiac stress test can unmask underlying ischemic
heart disease that is not evident at rest, the dinner meal specifically represents a significant
challenge to glucose homeostasis that allowed uncovering of an association between OSA
and post-dinner hyperglycemia that was not apparent in the fasting state or with smaller
meals. Moreover, it is important to recognize that because medications for glucose control
were taken predominantly in the morning with or right after breakfast, the ensuing glucose-
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lowering effect would be most apparent with the lunch meal?>:26, Thus, it is not surprising
that post-pre meal differences (Table 2) were largest with breakfast (prior to any medication
effect) and smallest with lunch. By dinner time, medication effect is likely to decrease, and
the largest meal of the day is consumed. With the large metabolic challenge from dinner, the
resulting impact of OSA on postprandial hyperglycemia became most apparent.

Analyses examining the association between OSA and post-prandial hyperglycemia were
stratified by sex given the well-established differences in the clinical presentation and
outcomes for both OSAZ27-29 and type 2 diabetes3%-32 in men and women. Moreover,

sex has been recognized as an important biological modifier of health-related outcomes
related to metabolism32. In the current study, stratified analyses by sex demonstrated

that the association between OSA and post-prandial glucose values was present in

men, but not women, independent of OSA severity or glycemic control. The available
literature describing sex-specific differences in the association of OSA and glucose
metabolism is limited to study samples without type 2 diabetes and has yielded mixed
results. In a community-based sample of 400 women without type 2 diabetes, a dose-
dependent association was seen between AHI and both plasma glucose and serum insulin
concentrations. Furthermore, insulin sensitivity was markedly lower in women with severe
OSA compared to those without OSA (i.e., AHI = 30 versus < 5 events/hour).34 A sex-based
difference was also noted in the association of OSA and incident type 2 diabetes in a sleep
clinic-based cohort, with OSA predicting the development of type 2 diabetes in women but
not men32. In contrast, in a study of 145 young persons without type 2 diabetes, insulin
secretion was higher in men than women36. The results herein demonstrate that there are
sex-specific differences in glycemic measures in those with type 2 diabetes which vary as
a function of OSA severity, with men demonstrating an independent association between
OSA and higher post-dinner glucose values. The current investigation also showed that the
frequency of oxygen desaturation rather than cumulative time below 90% oxygen saturation
was associated with higher post-dinner hyperglycemia. A few previous studies examining
the association between metrics of OSA and glycemic outcomes in persons with37:38 and
without3940 type 2 diabetes have demonstrated that time below an oxygen saturation of 90%
is independently associated with greater impairments in glycemic measures. In contrast,
there is evidence that across the various OSA metrics, the frequency of desaturation events
is most robustly associated with worse glycemic outcomes841. Interestingly, findings from
a study that adjusted for total body fat in addition to BMI and assessed incident type 2
diabetes in men with OSA suggested that total fat may possibly mediate the association
between cumulative oxygen desaturation time and glycemic outcomes*L. In the current
study, total body fat was also considered and likewise showed that an association between
oxygen desaturation frequency may more accurately capture the association between OSA-
associated hypoxemia-reoxygenation cycling and glycemic measures in type 2 diabetes.

There are several strengths and limitations of the current study that merit discussion.
Strengths include the almost equal distribution of men and women in the sample, the
robust sample size, and adjustment for potential confounders such as total fat, BMI,
degree of glycemic control, and pre-meal glucose levels. Limitations include the cross
sectional analyses that precludes making inferences about causal effects between OSA and
post-prandial hyperglycemia, the use of a type 3 portable sleep monitoring device, and
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the lack of adjustment for variation in meal patterns across weekdays versus the weekend.
Nonetheless, the high correlation between AHI and ODI42 would suggest that any bias
introduced by using a home sleep apnea test is likely nondifferential across ODI categories.
Other limitations to consider are the lack of nutrition information that was not available and
may account for some variability in post-prandial glucose values and the fact that subjects
had relatively well controlled type 2 diabetes as evidenced by a mean HbA1c of 7.5%.

5. Conclusion

In summary, the results herein demonstrate an independent association between OSA and
glucose metabolism in persons with type 2 diabetes that is more fully captured with the
inclusion of post-meal glucose measurements. Future studies are needed to examine whether
such associations also exist in those with type 1 diabetes and whether OSA therapy with
CPAP can alter meal-related dynamic changes in glucose levels given the easy of which they
can acquired.
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HIGHLIGHTS:

Increasing obstructive sleep apnea (OSA) in type 2 diabetes is associated with
postprandial hyperglycemia, a risk factor for adverse cardiac outcomes.

OSA severity is associated with higher postprandial glucose levels after
dinner independent of age, total body fat, pre-meal glucose levels, and degree
of glycemic control.

There are sex-specific differences in the association between OSA and
postprandial hyperglycemia.
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Figure 1.

Unadjusted pre-meal (white) and post-meal glucose (grey) values by OSA severity
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Characteristics of the Sample

Table 1.

Variable All Subjects (N=195)  Men (N=103)  Women (N=92) p-value
Age, years, mean (SD) 60.0 (9.2) 59.5 (9.6) 60.5 (8.7) 0.48
BMI, kg/m2, mean (SD) 33.7 (5.6) 325 (5.0) 35.1(5.8) <0.001
Total fat, grams, mean (SD) 38,254 (11,535) 34,848 (10,905) 42,067 (11,070) < 0.001
Race,% 0.12

White 57 63 49

African-American 33 27 40

Other 10 10 11
HbAIc%,mean(SD) 7.50 (0.92) 7.55 (0.95) 7.4 (0.89) 0.42
ODI, mean (SD) 19.7 (14.0) 215 (15.0) 17.6 (12.6) 0.05
ODI (events/hr) quartile, % 0.07

| (< 10.5 events/hr) 25 23 27

11 (10.5 — 14.8 events/hr) 25 24 26

111 (14.9 — 23.3 events/hr) 25 21 31

1V (= 23.3 event/hr) 25 32 16
Percent time with O, < 90% 18.4 (21.3) 17.0 (18.8) 19.9 (23.9) 0.34

BMI: body mass index; HbA1c: hemoglobin Alc; ODI: oxygen desaturation index (events/hr); p-value comparing men and women.
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Table 2.

Median (251-75™ percentile) values of differences in (post—pre) glucose values.

Oxygen desaturation index (ODI) quartile (events/hr)

Meal 1t (< 10.5) 2nd (10.5-14.8) 39 (14.9-23.3) 4th (> 23.3) p-value®

Breakfast 41.7 (19.0-70.0) 41.0 (14.7-70.3) 46.3 (21.7-85.7) 41.8(15.7-66.8)  0.74
Lunch 30.0 (8.3-53.3)  26.7(-1.0-7.0)  31.7(9.0-62.3)  25.2 (4.0-47.2) 0.94
Dinner  26.0(-2.0-53.3) 32.3(49.5-52.0) 44.3 (16.3-52.7) 44.6(16.3-62.3)  0.038

*
p-value for linear trend across ODI quartiles for each meal
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Adjusted odds ratios (ORs) of being in a higher quartile of post-meal glucose by OSA severity

Table 3.

Breakfast Lunch Dinner
Model 1
ODI quartiles (events/hr)
1:<10.5 1.00 1.00 1.00

2:10.5-14.8
3:14.9-23.3
4:>233

p-value for linear trend

ODI quartiles (events/hr)
1: <105
2:10.5-14.8
3:14.9-23.3
4:>233

p-value for linear trend

0.87 (0.41, 1.82)

1.06 (0.49, 2.30)

1.03 (0.50, 2.16)
0.79

1.00

0.93 (0.43, 2.03)

1.17 (0.53, 2.57)

1.26 (0.57, 2.79)
0.45

1.19 (0.58, 2.45)
1.07 (0.51, 2.27)
1.07 (0.52, 2.24)
0..92
Model 2

1.00

1.39 (0.65, 2.98)

1.25 (0.58, 2.69)

1.55 (0.69, 3.46)
0.36

1.85 (0.86, 3.98)

1.89 (0.89, 3.99)

2.15 (1.00, 4.60)
0.06

1.00

2.16 (0.96, 4.87)

2.23 (1.03, 4.83)

2.58 (1.18, 5.94)
0.03

Adjusted ORs (95% ClI) of being in a higher quartile of post-meal glucose. Model 1 includes pre-meal glucose values as the only covariate.
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Model 2 includes pre-meal glucose values, age, sex, race, body mass index (BMlI), total fat, and hemoglobin Alc (HbALc) as covariates. Oxygen
desaturation index: ODI (events/hr)
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Adjusted odds ratios of being in a higher quartile of post-meal glucose by OSA severity
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Breakfast

Lunch

Dinner

ODI quartiles (events/hr)
1:<10.9
2:10.9-16.1
3:16.6-27.0
4:>275

p-value for linear trend

ODI quartiles (events/hr)
1:<10.4
11: 10.4-14.2
111: 14.4-18.4
1V: > 185

p-value for linear trend

Men

1.00

0.97 (0.32, 2.93)

1.60 (0.53, 4.83)

0.62 (0.19, 2.02)
0.68

Women

1.00

0.83 (0.24, 2.86)

1.85 (0.52, 6.61)

1.11 (0.38, 3.90)
0.55

1.00

1.27 (0.43, 3.73)

1.43 (0.48, 4.26)

1.60 (0.51, 5.03)
0.40

1.00

1.79 (0.53, 6.04)

0.91 (0.28, 2.98)

1.92 (0.55, 6.69)
0.59

1.00
5.69 (1.57, 20.56)
7.00 (2.00, 24.51)
6.44 (1.73, 24.04)
<0.01

1.00

0.77 (0.23, 2.59)

0.94 (0.31, 2.89)

1.62 (0.46, 5.70)
0.45

Adjusted ORs (95% ClI) of being in a higher quartile of post-meal glucose. Model 1 includes pre-meal glucose values as the only covariate. Model
2 includes pre-meal glucose values, age, sex, race, BMI, total fat, and HbAlc as covariates.
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